Abstract-In this paper, we report on the design, fabrication, and implementation of ultrasensitive micromechanical oscillators. Our ultrathin single-crystal silicon cantilevers with integrated magnetic structures are the first of their kind: They are fabricated using a novel high-yield process in which magnetic film patterning and deposition are combined with cantilever fabrication. These novel devices have been developed for use as cantilever magnetometers and as force sensors in nuclear magnetic resonance force microscopy (MRFM). These two applications have achieved nanometer-scale resolution using the cantilevers described in this work. Current magnetic moment sensitivity achieved for the devices, when used as magnetometers, is 10 15 J T at room temperature, which is more than a 1000-fold improvement in sensitivity, compared to conventional magnetometers. Current room temperature force sensitivity of MRFM cantilevers is 10 16 N Hz, which is comparable to the room temperature sensitivities of similar devices of its type. Finite element modeling was used to improve design parameters, ensure that the devices meet experimental demands, and correlate mode shape with observed results. The photolithographic fabrication process was optimized, yielding an average of 85% and alignment better than 1 m. Postfabrication-focused ion-beam milling was used to further pattern the integrated magnetic structures when nanometer scale dimensions were required.
the experiments require that a micrometer-sized magnetic material be placed onto the cantilever. Doing this on an individual basis is not only time-consuming, but it also jeopardizes the uniformity and consistency of the results. Therefore, there is a clear need to develop a process to batch-fabricate ultrasensitive cantilevers with magnetic dots prealigned and deposited as part of the microfabrication process. In this article, we describe a process that has been developed to meet these demands. Careful consideration was given to the design of the oscillator shape, and finite-element modeling was used to study the resonant shapes and to make sure that the resonance frequencies were in the desired ranges for the specific applications.
The fabrication process involved double-sided alignments and multiple exposures, with both wet and dry etches used at different processing steps. One wafer produces 30 chips, each connected to a frame by easy-break tabs. Each chip has 10 devices, giving an ideal yield of 300 devices/wafer. The actual process yield is approximately 85%, resulting in devices per wafer. The devices have been successfully used as both micromagnetometers and as force sensors in nuclear magnetic resonance force microscopy (MRFM). We report the results of these experiments, showing that the observed nanometer scale sensitivity correlates with the predicted sensitivities from modeling.
II. DEVICE DESIGN

A. Overview
These devices have been specifically designed with magnetometry and MRFM in mind. Each application has separate requirements and must be examined individually. A fabrication process has been developed that is flexible enough to accommodate the various demands. In order to fully understand the device design, the applications and demands of magnetometry and MRFM are detailed below.
B. Design Considerations: Magnetometry
Microcantilever magnetometry is a novel method that has been developed to make micrometer and nanometer scale magnetic measurements, a feat that has proven to be a challenge for conventional magnetometers [8] - [14] . Fig. 1 shows the basic setup for this measurement technique. A thin magnetic film is placed on a torsional cantilever, and an external magnetic field, , is applied in the cantilever plane. A small torque field is applied perpendicular to the cantilever plane and is oscillated at the cantilever resonant frequency. The interaction of with the sample's magnetization results in an oscillating torque , U.S. Government work not protected by U.S. copyright. Fig. 1 . Overview of microcantilever magnetometry using a double torsional oscillator. In this illustration, the amplitude of oscillation is detected by means of a laser beam-bounce.
which resonantly drives the cantilever. The amplitude of oscillation is directly related to the torque, and therefore the magnetization. Magnetization is then obtained as a function of swept . The sensitivity of microcantilever magnetometry is limited by the thermal noise of the cantilever. This can be expressed in terms of the minimum torque required to create an observable signal, which is given by (1) where is the torsional spring constant, is the quality factor, is the resonant frequency of the cantilever, is the temperature, and is Boltzmann's constant. Thus, in order to achieve nanometer-scale resolution at room temperature, devices must be fabricated that have a high quality factor , high resonant frequency , and low spring constant . The torsional spring constant for a bar twisting about an axis running through its middle and along its length is given by (2) where is Young's modulus, is the Poisson ratio, is the bar width, is the length, and is the thickness.
As is evident from (2), the best way to reduce the spring constant (and therefore increase sensitivity) is to decrease the cantilever thickness. However, due to practical limitations, the thickness of the cantilevers must be kept above 150 nm to provide a sufficiently sturdy design. Additionally, increasing the resonant frequency also increases sensitivity, but cantilever magnetometry requires that the resonant frequency be kept below approximately 200 kHz in order to accommodate the ac magnetic field used in the excitation. Since, in this case, the magnetic structures are the samples, the shape of the structures for this application depends on the desired study. Additionally, because repeatable results for an investigation of shape effects are desired, uniformity and consistency between devices is crucial for this application. This homogeneity between devices will allow for multiple runs on different devices all with magnetic structures of the same shape, thus allowing for this technique to rule out effects caused by material defects. Fig. 2 . Overview of nuclear magnetic resonance force microscopy set-up for which these devices were designed. Notice that the external magnetic field lies perpendicular to the cantilever plane.
C. Design Considerations: Force Detection of Nuclear Magnetic Resonance (NMR)
Another application for these ultra-sensitive devices is magnetic resonance force microscopy [1] , [15] - [19] . This is a novel technique for force detection of electron spin, nuclear magnetic, or ferromagnetic resonance. Henceforth we will focus solely on the force detection of nuclear magnetic resonance (NMR). Fig. 2 shows the specific MRFM setup for which these cantilevers are designed. A sample is placed close to a microcantilever that is in a large polarizing, homogenous external magnetic field. A magnetic dot on the cantilever is saturated by the external field and serves to locally perturb the homogenous field, resulting in a field gradient in the region of the sample. A frequency modulated rf field is used to adiabatically invert the spins residing within a "resonant slice" of the sample. With this cyclic adiabatic inversion method, the frequency modulation parameters are used to invert the sample magnetization within the resonant slice at a frequency that matches the mechanical resonant frequency of the cantilever. This oscillating magnetization in the field gradient of the magnetic dot results in an oscillating force that drives the cantilever into resonance. The amplitude of oscillation (typically detected with a laser interferometer), quality factor, and spring constant of the cantilever yield the force on the cantilever due to the moments in the resonant slice of the sample.
This technique is limited by the thermal noise of the cantilever, which can be expressed as , where the spring constant for a bar bending about one end is given by (3) The practical limitations for this technique put restrictions on the cantilever specifications that are different from the magnetometry previously discussed. The main difference is that the mechanical resonance frequency must be kept below in order to be able to use cyclic adiabatic inversion to manipulate the nuclear moments. A sturdy design is still required, so again a minimum thickness of 150 nm is desired. The magnetic dot on the cantilever is made cylindrical in shape to allow for a straightforward calculation of the magnetic-field gradient (for example, see Figs. 3 and 6). As with most magnetic resonance techniques, higher field gradients mean better resolution. This would dictate thin films of small diameter. However, in order to image deeply within a sample the magnetic dot needs to be as thick as possible so that there is a large field gradient far away from the surface of the dot. For the process described here, the magnets have been made with thicknesses up to 370 nm and diameters of [3] [4] [5] , which is sufficient to provide nanometer-scale resonance slices several micrometers from the magnet.
D. Finite Element Modeling and Device Geometry
Both microcantilever magnetometry and MRFM benefit from cantilevers of high-and low spring constant. The differing requirements for the resonance frequency are handled by changing shape and lateral dimensions. Finite-element modeling was used to find the cantilever geometry that would best accommodate specific resonant frequencies and a low spring constant. As already mentioned, the most efficient way to achieve a low spring constant is to decrease the thickness, yet the thickness is directly related to the final resonant frequency. Before fabrication begins, resonant frequencies and mode shapes were examined as a function of thickness for a given geometry. From the results, the range of acceptable final device thickness was determined. Typically, devices intended for use in MRFM have allowable thicknesses from 150 to 350 nm. Above 350 nm, the resonant frequencies for the specific geometries exceed the 15 kHz limit. For devices intended for use as magnetometers, the range is much larger, generally from 150 nm to 800 nm.
In addition to improving sensitivity by decreasing thickness, making the aspect ratio as large as possible, without sacrificing stability, is also beneficial. This effect is clear from examining (2) and (3) . With this in mind, two main design shapes have been fabricated to accommodate the different applications. The first is the simple bar shown in Fig. 3 . These more traditional devices are intended for use in their lower bending mode. The larger paddle area is made to be at least 30 on a side to serve as a platform for the measurement of the oscillation amplitude, which is generally made using fiber-optic laser interferometry. A typical bar cantilever from our processing has a thickness of 200 nm, a width of 3
, and a length of 180 . These values result in a predicted bending spring constant of 1.3 . Finite-element modeling predicts the resonance frequency for the lowest mode to be approximately 10 kHz, which is well within the desired range for employing cyclic adiabatic inversion of the nuclear spins in MRFM.
A second design is shown in Fig. 4 and this design is most applicable to microcantilever magnetometry because of the existence of multiple mode shapes [20] - [22] . These double torsional oscillators consist of a small head connected to a larger wing, which is attached to a fixed base. The necks joining the head, wing, and base are free to twist or bend. This design results in four main modes of operation: the lower and upper bending modes and the lower and upper torsional modes. Fig. 5 shows snapshots from the finite-element modeling results for these four modes. The lighter color in the figure indicates the largest amount of strain. From the contour map of the strain in each mode the upper torsional mode has clearly little to no strain that is directly coupling to the fixed base. This allows for a decrease in the damping due to energy lost to the base, and therefore an increase in the of the cantilever.
The benefits of this geometry are twofold: not only is the increased when working in the upper torsional mode, but the resonance frequency of the upper torsional mode is generally higher by an order of magnitude than that for the lower modes. These two factors combine to make the sensitivity of the upper torsional mode better by almost an order of magnitude than that for the corresponding lower modes. The ability to increase sensitivity through geometric considerations alone is a major factor that has allowed for the development of ultrasensitive cantilevers that can operate at room temperature.
The one weakness of the torsional geometry is the decrease that occurs in the spring constant because the aspect ratio of the neck is about one tenth of what it is for the bar geometry. More complex geometries have been created that increase the aspect ratio of the neck without significantly affecting the other properties. Two such double torsional oscillators are shown in Fig. 6 .
E. Predicted Sensitivities
For a thickness of 300 nm, the upper torsional mode of the cantilever shown in Fig. 4 is expected to have a torsional spring constant of 1 and a resonant frequency of 120 kHz. A typical value for the of the upper torsional mode at room temperature and a moderate vacuum of 13 Pa is 12 000. This corresponds to a minimum detectable torque of 1.3 . In microcantilever magnetometry, this results in a single-sweep magnetic-moment sensitivity at room temperature of . For films, this is equivalent to a cubic structure 130 nm on a side, which is well below the sensitivity of any conventional magnetometer.
For a thickness of 200 nm, the lower bending mode of the cantilever shown in Fig. 3 is expected to have a spring constant of  1.3 and a resonant frequency of 10 kHz. A typical for the bar geometry at moderate vacuum is . This corresponds to a minimum detectable force of 1. 4 . In a standard force detection of NMR experiment, this results in the ability to image a sample slice 4 in diameter and 200 nm thick, with an expected single-shot signal-to-noise ratio of 5 at room temperature.
III. DEVICE FABRICATION
A. Process Outline
The fabrication process was designed to allow for high yield and intricate patterning. Fig. 7 shows the process outline. The starting wafer was (100) silicon with a 2 boron layer diffused into the top side. The boron diffusion was done at 1150 by use of a boron nitride high-temperature planar-diffusion source. After the diffusion, the boron skin was removed by means of a quick HF soak followed by a short reactive ion etch (RIE). Then 1 of nitride was deposited onto both sides, and the bottom was patterned using photolithography. The exposed nitride on the bottom was then etched in the RIE to 0. 5 . A second mask was aligned to the bottom and the wafer patterned. The exposed nitride on the bottom was etched using the RIE by an additional 0. 5 , so that in some areas the nitride had been completely removed and bare silicon was exposed.
At this point the wafer was placed in a KOH solution, with the final goal of this back-etching step to be the creation of boron-doped silicon membranes. The solution consisted of 35% KOH and 65% water kept at a constant temperature of 85 . The high KOH concentration and the high temperature result in the most uniform etch, which is an important requirement for this process. The wafer was periodically rotated by 90 to insure a uniform etch. It was kept in the etching solution for 3 h, until approximately 3/4 of the total wafer thickness had been etched through. At this point, the wafer was removed, and a 0.5 RIE was done on the bottom to remove the nitride from the areas that will form the easy-break tabs that connect each chip to the main silicon frame. The wafer was then placed back in the 35% KOH solution for 1 hour until light shining from the front appeared red-colored through the etched areas. This reddish tint indicates that the remaining silicon membrane is approximately 15 thick. The wafer was removed from the solution at this time and placed in a 10% KOH, 90% water solution at 70 . It is known that the lower concentration solutions stop KOH etching more effectively on highly hole-doped silicon [23] , [24] . For a 10% solution, the etch rate decreases by a factor of 100 for concentrations above . The lower temperature simply slows the total etch rate down so that the wafer can be carefully removed at the appropriate time. The wafer was removed when light shining from the front became a uniform yellow over the entire membrane; the wafer was then cleaned.
The resulting membranes consisted of 2 of boron-doped silicon protected on the front by 1 of nitride. The wafer was then placed in the RIE and the top 1 of nitride was completely removed, leaving the boron-doped silicon exposed from both sides. Next, in order to integrate small magnetic structures, a photolithography mask was back-aligned to marks on the bottom of the wafer. The wafer was exposed and developed using a two-resist process. A magnetic film was deposited, and a subsequent lift-off leaves only the desired patterned structures on the thin boron membrane. This third mask and the corresponding deposition is what determines the shape and thickness of the magnetic dots. Dots as thin as 15 nm and as thick as 370 nm have been made by adjusting the lift-off resist used. A fourth and final photolithography step was used to align and pattern the cantilevers. The cantilevers were patterned on the membranes in photoresist with alignment, and an RIE was performed to etch away the single-crystal silicon borondoped membrane areas that were not protected by the photoresist. This final RIE can be carefully timed so that the devices are released before the photoresist is completely etched away. When this is the case, the RIE is continued until all the photoresist is gone, and the wafer is immediately removed from the RIE. When the photoresist is etched away before the devices are released, the magnetic structures are positioned on silicon pillars that are formed during this last etch step, as can be seen clearly in Fig. 10(b) . Either way, this final RIE determines the final thickness of the cantilevers. This can be easily controlled by performing an initial back etch of the boron membrane before patterning in order to reduce the starting thickness. This optional step, along with specific RIE parameters and photoresist thickness, allows for control of the thicknesses for ranges from 100 to 1500 nm. Devices as thin as 150 nm have been achieved, as determined by side-view scanning electron micrographs (see Fig. 8 ). Additionally, note that this final RIE release does not destroy or contaminate the magnetic structures. The average yield for this process is 85%.
B. Integrated Micro-and Nanometer Size Magnetic Structures
Permalloy was chosen as the magnetic material for the microstructures because of the low amount of oxidation that occurs in an ambient environment. If a more reactive magnetic material is desired, a simple capping layer can be deposited to solve this problem. The Permalloy films were prepared by (c) and (d) Two adjacent devices are patterned for the study of shape-dependent magnetic switching. The ability to ensure nearly identical experimental setups for each shape is crucial in order to obtain reliable results.
thermal evaporation at a pressure of 1. 2 and an evaporation rate of 0.5 nm/s. Fig. 9 shows several devices patterned and fabricated using the above process [25] . Single structures as small as 1 have been consistently aligned and patterned during batch fabrication. In addition, several devices have been fabricated that have arrays of 1 structures with size and spacing varying by less than 10% [see Fig. 9(b) ]. Adjacent devices can be patterned with differing structures in order to obtain results that can be reliably compared to each other [see Fig. 9(c) and (d) ].
The film patterning in the batch process is limited by photolithography, and structures smaller than 1 have been obtained using focused ion beam milling as a postfabrication step. Fig. 10 shows three devices that have been patterned with interesting nanometer-scale shapes that can be studied using microcantilever magnetometry [25] .
IV. SENSITIVITY DEMONSTRATIONS
A. Magnetometry
Microcantilever magnetometry offers the ability to investigate micrometer and nanometer scale magnetism on individual structures. Many noncantilever-based measurements are currently made on arrays of micromagnetic dots [7] , [26] , [27] . However, these results are clouded due to statistical variations within the array such as dot shape, size, and spacing. Efforts are underway to improve fabrication techniques to minimize these effects, which are an integral and unavoidable part of any array measurements. Furthermore, adjacent dots interact magnetostatically. Therefore microcantilever magnetometry offers the great advantage of being able to investigate the properties of single structures. This method hinges on being able to obtain well-defined structures on ultrasensitive cantilevers; the processing described above has overcome this challenge.
The micromechanical cantilevers with integrated samples have been successfully implemented as magnetometers. A double torsional cantilever was used, as illustrated in Fig. 1 . The torsional spring constant was calculated to be 5
. The resonant frequency of the upper torsional mode was 120 kHz with a of 12 000 at 13 Pa. For the lower torsional mode, the resonant frequency was 50 kHz with a of 4000. A 5 5 30 nm (total volume of 7.5 ) film was patterned onto the head, as shown in Fig. 4(b) . The magnetization versus external field hysteresis loop is shown in Fig. 11 . The measured torque at saturation was 4.2
. The signal-to-noise ratio was , indicating a minimum detectable torque of . This corresponds to a magnetic-moment sensitivity of 6.7 (7.2 ) . This is within 15% of the predicted value of 7.1 , calculated using a lock-in amplifier bandwidth
. These results show that the devices can be reliably implemented as magnetometers with nanometer-scale sensitivity at room temperature.
B. Magnetic Resonance Force Microscopy
In addition to being successfully used as ultrasensitive magnetometers, the cantilevers have been used as force sensors in a magnet-on-oscillator demonstration of MRFM [28] , [29] . In this experiment, a bar oscillator was used as shown in the top image of Fig. 3 . A cylindrical Permalloy ferromagnet 4 in diameter and 170 nm thick was used. The resonance frequency of the lower bending mode was found to be 4.0 kHz. The room-temperature experiment was performed in an exchange gas pressure of , resulting in a pressure-limited of 1600. The external polarizing field was 8.1 T. The spring constant was measured to be 4 . These parameters corresponded to a predicted force sensitivity of 4.1 . The experiment measured proton NMR from a large ammonium sulfate crystal representing a semi-infinite slab. Ammonium sulfate was used for its long room temperature spin-lattice relaxation time , large proton density (6.5 ), and easy cleavability; the latter results in a sharp sample-vacuum interface. The sample was placed a few micrometers from the cantilever. The position of the resonant slice was shifted in 500 nm steps by changing the carrier frequency of the rf field. Cyclic adiabatic inversion was performed four times for each carrier frequency for a duration of 1.8 s, embedded in a total rf exposure of 2.2 s. The decay to resonance had a time constant of 10 ms. Frequency modulation with an amplitude of was initiated 10 ms after the decay to resonance. The rf field was estimated to be . Fig. 12 shows the NMR-induced signal as a function of resonance slice position. A smooth background signal artifact due to induced oscillator motion from the frequency modulated rf field has been subtracted from the raw data. The RMS value of the resultant oscillator displacement was 3.9 nm, and the RMS noise level was 1.0 nm, corresponding to forces of 9.7 and 2.5 , respectively. These results are in reasonable agreement with the expected signal of 7.6 . These data show a sharp step at ; before this point the resonant slice is outside of the sample (close to the Permalloy dot on the oscillator), while beyond this point, the resonant slice is immersed within the sample. The resonant slice was estimated to be approximately 200 nm thick near the sample-vacuum interface from modeling the field gradient of the dot. This experiment demonstrates that the cantilevers with integrated magnetic structures can be successfully implemented as force sensors with nanometer-scale sensitivity at room temperature.
V. CONCLUSION
These novel micromechanical structures have already had a strong impact on several nanoscale measurement techniques. The microcantilever magnetometry experiments have expanded the capabilities of research techniques in the field of micro-and nanomagnetism. These cantilevers have the sensitivity to measure the quantitative hysteresis loop of an individual single-domain structure, a capability that has not been obtained by any other measurement technique to date.
As with all micromechanical oscillators, the thermal noise will decrease significantly at lower temperatures due to the dependence on and because the increases significantly with temperature. Therefore, even greater sensitivity ( to better) can be achieved if these devices are used in low-temperature applications.
